Recently we reported that rice salicylic acid (SA) glucosyltransferase (OsSGT) is active toward 12-hydroxyjasmonic acid (tuberonic acid, TA) and that OsSGT gene expression is induced by wounding stress. Here we report that tobacco SA glucosyltransferase (NtSGT), which is thought to be an ortholog of OsSGT, is also active toward TA. Although NtSGT expression is known to be induced by biotrophic stress, it was also induced by wounding stress in the same manner as OsSGT. These results indicate that this glucosyltransferase is important not only in biotrophic stress but also for wounding stress. It was found that this enzyme is dually functional, with activity both toward TA and SA.
Jasmonic acid (JA, 1) is a plant hormone reported to be involved in the plant response triggered by abiotic and biotic stresses, including wounding, insect herbivory, and necrotrophic pathogens. [1] [2] [3] [4] [5] [6] Tuberonic acid (TA, 12-hydroxy jasmonic acid, 2) and its glucoside (TAG, 3), which are JA-related compounds, have been isolated from potato (Solanum tuberosum L.) leaflets as potato tuber-inducing substances. 7) An experiment in which synthesized [2- 14 C]JA was fed to leaflets of potato (S. tuberosum L.) revealed that JA (1) is metabolized to TA (2) and TAG (3) , and that TA (2) or TAG (3) was transported to other parts of the plant body including underground parts (Fig. 1A) . 8) Recently, Seto et al. and Miersch et al. reported that TA (2) and TAG (3) are present in many vascular plants and that the endogenous amounts of these compounds were increased by mechanical wounding stress in tobacco (Nicotiana tabacum), rice (Oryza sativa), and tomato (S. lycopersicum). 9, 10) These results indicate that these compounds play crucial roles alongside JA (1) in the signaling pathway of the wounding stress response across the plant kingdom.
Recently, a family of JAZ proteins was characterized as a novel component of the JA signaling pathway, which interacts with COI1 in a Jasmonoyl isoleucine conjugate (JA-Ile, 6, Fig. 1C ) dependent manner. 11, 12) Through the discovery of the JAZ protein, the detail mechanism of JA signaling was uncovered, and yeast two-hybrid analysis and a pull-down assay experiment using JAZ and the COI1 protein dramatically demonstrated that the 7-iso form of JA-Ile (6) is a true active form hormone for the Jasmonate signaling pathway mediated by COI1. 13) Although JA-Ile (6) was found to be an active jasmonate, the function of other metabolites of JA such as TA (2) and TAG (3) remains unknown. Some researchers have predicted that TA and TAG are inactivating forms of JA, 10) but, there is no scientific evidence to confirm this hypothesis clearly. Because TA and TAG can move in the plant body, 8, 9) one possible function of these chemicals is to serve as the transport form of JA in plants.
In order to determine the functions of TA (2) and TAG (3), analysis of the glucosyltransferase that converts TA (2) to TAG (3) is thought to be essential. Consistent with this, previous reports regarding glucosyltransferases of plant hormones have found that these enzymes play important roles in controlling the activities of hormones. 14, 15) Recently, our research group reported the purification of a rice (O. sativa) glucosyltransferase that is active toward TA (2).
9) The purified protein was characterized as a putative salicylic acid (SA, 4, Fig. 1B ) glucosyltransferase (OsSGT) by MALDI-TOF-MS analysis. A recombinant OsSGT protein obtained by overexpression in Escherichia coli was active toward both TA (2) and SA (4) (Fig. 1) . Additionally, expression of OsSGT was induced by treatment with JA (1), TA (2), SA (4), and mechanical wounding stress. It is known that SA (4) is a signaling molecule involved in the biotrophic stress response [16] [17] [18] and that there is an antagonistic relation- 19, 20) But OsSGT was in fact active toward both TA (2) and SA (4) .
In the tobacco (N. tabacum) plant, SA glucosyltransferase (NtSGT) was purified and characterized by Lee et al. 21) Since rice SA glucosyltransferase (OsSGT) was active toward TA (2) and induced by wounding stress, we supposed that NtSGT might also be active toward TA (2) and be induced by wounding stress. In this study we found that NtSGT is also active toward TA (2) , and that mRNA expression of NtSGT is induced by mechanical wounding stress. These results indicate that SA glucosyltransferase can act like TA glucosyltransferase not only in rice (O. sativa) but also in tobacco (N. tabacum) and is probably involved in a signaling pathway responsible for the response to wounding stress.
Materials and Methods
General. UPLC was performed on a Waters Acquity UPLC system (Waters, Milford, MA) equipped with a binary solvent delivery manager and a sample manager. MS was performed on a Waters Micromass Quattro Premier tandem quadrupole mass spectrometer. The UPLC/MS system was controlled by MassLynx 4.0.
Plant material. Tobacco (N. tabacum cv. Xanthi nc) seeds were planted in the wall of the pot Jiffy-7 ( 42 mm), that had absorbed 50 mL of water, and the seedlings were grown in a growth chamber (Biotron NC350, NK system, Japan). The temperature and moisture of the chamber were set at 25 C and 60%, and the conditions of day length were dark 10 h and light 14 h. In the dark period, the fluorescent lamps were off, and in light period, the fluorescent lamps were fully lighted (342 mmol/m 2 s). Water was provided once a day, and a 500 fold diluted solution of Hyponex was added once a week as nutrition. In order to ensure that only one plant grew in a given pot, excess plants were removed. In this study, we named the developed leaf in the highest position the first leaf.
Functional expression of NtSGT in E. coli. Total RNA was extracted from tobacco leaves, and reverse-transcription (M-MLV reverse transcriptase, Invitrogen) was carried out following the manual to yield cDNA. PCR was carried out with cDNA prepared from total RNA from tobacco leaves using forward primer NtSGT-1F,
0 -CCAATTGAGAAGAAGTTGCAAAAG-3 0 and reverse primer NtSGT-1R, 5
0 -CAGCTTCTTCATTATTTTTCTATGGCAC-3 0 designed based on the database entry of NtSGT (AAF61647). The PCR reaction was optimized for 50 mL of reaction mixture per tube containing 0.2 mM dNTP mix, 0.5 mM of NtSGT-1F, 0.5 mM of NtSGT-1R, 1 mL of cDNA, 25 mL of PCR buffer, and 0.5 mL of KOD FX DNA polymerase (Toyobo, Japan). The reaction temperature was set to 98 C for 10 s, 65 C for 5 s, and 68 C for 1 min 30 s, with 30 cycles. The PCR product was analyzed by gel electrophoresis and visualized after ethidium bromide staining. The gene fragment was cut from the gel and ligated into cloning vector pBluescript II SK to obtain plasmid pBS-NtSGT.
After sequence analysis of pBS-NtSGT, PCR was carried out using primers containing a restriction enzyme site: forward primer NtSTG-2F with BamH I site, 5 0 -TGCAAGGATCCACTACTCAAAAAGC-3 0 and reverse primer NtSTG-2R with Pst I site, 5 0 -TTCTAGTCGACTT-AGCTTTCCACTG-3 0 . The composition of PCR was as described above. After restriction with BamH I and Pst I, the gene fragment was ligated into the expression vector pQE30 (Qiagen, Japan) to obtain plasmid pQE30-NtSGT, which was transduced into the E. coli M15. A single colony was grown overnight in 20 mL of LB broth containing 100 mg/mL of ampicillin and 25 mg/mL of kanamycin at 37 C. A 10-mL aliquot of the culture was inoculated into 1 L of fresh LB broth containing 100 mg/mL of ampicillin and 25 mg/mL of kanamycin at 22 C. After the culture had grown to a cell density of OD 600 ¼ 0:8 to 1.0, fusion protein expression was induced by adding IPTG at 0.1 mM. After further incubation for 5 h, the cells were collected by centrifugation at 7;000 g for 20 min, then washed with buffer A (50 mM TrisHCl buffer pH 7.8 containing 1 mM DTT and 0.1 mM PMSF). They were resuspended in buffer A and burst by ultrasonication. The soluble proteins collected by centrifugation (10;000 g for 20 min) were subjected to Ni-NTA CC (2 mL) and washed with buffer B (buffer A containing 50 mM imidazole and 0.3 M NaCl, 20 mL). The His-tag fused protein was eluted with a gradient of 50 to 500 mM imidazole in buffer A containing 0.3 M NaCl. After desalting, the protein was used in activity tests.
Glucosyltransferase assay. TA glucosyltransferase activity was tested by our previously reported method.
9) The glucosyltransferase assay mix (100 mL) contained 1 mM TA-d5(2), 5 mM UDP-glucose, 10 mM MgCl 2 , and NtSGT-His. The reaction was carried out at 30 C for 1 h and stopped by adding 100 mL of MeOH, and then non-labeled TAG (3, 20 ng) was added as internal standard. The reaction mixture was centrifuged at 15;000 g for 5 min, and the supernatant was analyzed by UPLC-MS/MS. The amount of the reaction product was calculated by comparison of the peak areas of TAG-d5 (3) and non- (4) to SAG (5). The glucosylation of SA is catalyzed by tobacco SA glucosyltransferase (NtSGT) and rice SA glucosyltrasferase (OsSGT). C, Chemical structure of 7-iso-jasmonoyl-L-isoleucine. labeled TAG (3). SA glucosyltransferase assay was carried out in the same manner, except that SA-d4 (5) was used as substrate and nonlabeled SAG (6) as internal standard.
Semi-quantitative RT-PCR analysis of NtSGT. Leaves of tobacco plants that had grown for about 2 weeks were rubbed with sandpaper. After 1, 3, and 5 h, total RNA was extracted from leaves using a FastPure RNA Kit (Takara, Japan), and 1 mg of total RNA samples was checked by electrophoresis. RT-PCR was carried out with a One Step RT-PCR kit (Takara, Japan) using 1 mg of total RNA and the primers NtSGT-1F 5 0 -CCATCAATTGAGAAGAAGTTGCAAAAG-3 0 and NtSGT-1R 5 0 -CAGCTTCTTCATTATTTTTCATGGCAC-3 0 following the manual. The program was set to initial reverse transcription for 30 min at 50 C followed by various numbers of cycles (21, 24 , and 27 cycles) at 98 C for 10 s, 60 C for 30 s, and 68 C for 30 s. The PCR products were analyzed by gel electrophoresis and visualized after ethidium bromide staining.
Quantification of JA (1), SA (4) and related compounds (2, 3, 5, 6 ). Fifty days after sprouting, the plants received treatment. The fourth and fifth leaves of tobacco plants were rubbed with sandpaper. After 0.5, 3, and 6 h, the plant (0.5 to 1.0 g) was harvested and immediately frozen using liquid N 2 . The detailed procedure of extraction and quantification analysis using UPLC-MS/MS were described in our previous report.
9,22)

Results
Functional expression and biochemical analysis of NtSGT
NtSGT protein showed high similarity to OsSGT by amino acid sequence level at a score of 47%. We expected that NtSGT can also act like TA glucosyltransferase. In order to check this hypothesis, first we carried out overexpression of NtSGT in Escherichia coli. NtSGT was amplified by RT-PCR with cDNA prepared by reverse transcription of the total RNA of tobacco (N. tabacum). The PCR product was ligated into expression vector pQE30 (Qiagen), which possesses an N-terminal His-tag, to create pQE30-NtSGT. This expression vector was transduced into the E. coli M15 strain, and expression of NtSGT-His was induced by the addition of IPTG. The overexpressed NtSGT-His was purified by Ni-NTA column chromatography and used in biochemical analysis. To check the activity of the NtSGT-His as a TA glucosyltransferase, the enzymatic reaction was done with the same conditions described in our recent report, 9) using [10,11,11,12,12-2 H 5 ] TA, UDP-glucose, MnCl 2 , and the recombinant protein prepared in this study. The reaction product was analyzed by UPLC-MS/MS with the SRM (selected reaction monitoring) mode controlled under the conditions established by Seto et al. 9) As shown in Fig. 2 , NtSGT-His showed TA glucosyltransferase activity. The kinetics values of NtSGT-His were calculated using TA (2) and SA (4) as substrates ( Table 1 ). The K m value toward TA (2) was almost same as that toward SA (4). On the other hand, the V max value toward SA (4) was higher than that toward TA (2), in agreement with our previous report on the activity of OsSGT, 9) but, the V max value of NtSGT-His toward TA (2) was significantly higher than that of OsSGT. From these results we confirmed that NtSGT-His, like OsSGT, is active toward TA (2) in vitro. mRNA expressional analysis of NtSGT Next we attempted to evaluate the mRNA expression of NtSGT. SA (4) is known to be involved in the biotrophic stress response, and its signaling pathway has effects antagonistic to those of JA. 19, 20) mRNA expression analysis of NtSGT was carried out by Lee et al., and its level was highly upregulated by infection with Tobacco mosaic virus or Pseudomonas syringae pv. phaseolicola. 21) However, the expression of OsSGT, a putative gene for rice SA glucosyltransferase, was induced by mechanical wounding stress, due to which JA and its derivatives accumulated.
9) Hence, we decided to check the effect of wounding stress on the expression of NtSGT, a gene for tobacco SA glucosyltransferase. Mechanical wounding stress was applied to the tobacco plant using sandpaper, and the amounts of mRNA transcript were analyzed by semi-quantitative RT-PCR at 1, 3, and 5 h after treatment. Expression of NtSGT was induced starting at 1 h after treatment, and it increased in a time-dependent manner as compared with the unstressed plant (Fig. 3) . This indicates that NtSGT is involved in the defense system not only against biotrophic attack but also against wounding stress. Using [10, 11, 11, 12 ,12-2 H 5 ] 7-iso-TA as Substrate. Enzymatic reaction was done by a method described in previous paper (Seto et al., 2009) using 7-epi-TA d5 as glucose acceptor. A portion of the reaction mixture was analyzed by UPLC-MS/MS in SRM mode monitoring at m=z 211, a 1st-generation product ion, derived from m=z 392, precursor ion of 7-epi-TAG d5 ½M À H À1 . Table 1 . Michaelis-Menten Kinetics (K m and V max values) of Recombinant NtSGT-His The amounts of the reaction products were calculated using 7-epi-TAG and SAG (5) as internal standards. Leaves were subjected to mechanical damage using sandpaper and were harvested at the indicated times. mRNA was extracted, and RT-PCR was carried out using the total RNA.
Quantification of the endogenous amounts of JA and SA after mechanical wounding stress
Next we checked the endogenous amounts of JA (1), JA-related compounds {TA (2), TAG (3), and JA-Ile (6)}, SA (4), and SA glucoside (SAG, 5) after mechanical wounding stress. In our recent study, it was found that endogenous amounts of JA (1), TA (2), TAG (3), and 7-epi-JA-Ile (6) accumulated in the tobacco plant (N. tabacum) in response to mechanical damage. 22) Hence, endogenous amounts of 7-epi-JA (1), TA (2), TAG (3), and 7-epi-JA-Ile (6) were examined together with SA (4) and SA glucoside (SAG, 5) in this study. As shown in Fig. 4 , the endogenous amounts of 7-epi-JA (1), TA (2), TAG (3), and 7-epi-JA-Ile (6) in the damaged leaves were increased by mechanical wounding. On the other hand, those of SA (4) and SAG (5) were not evidently increased. These results together with the mRNA expression pattern suggest that NtSGT, a tobacco SA glucosyltransferase, is involved in the production of TAG (3) but not of SAG (5) under mechanical wounding stress.
Discussion
In this study we found that tobacco SA glucosyltransferase (NtSGT) is also active toward TA (2). As mentioned above, NtSGT expression is known to be induced by biotrophic stress. However, our data indicate that expression of this gene is also highly induced by mechanical wounding stress. These results are consistent with our recent report on rice SA glucosyltransferase (OsSGT), and strongly suggest that these genes are important in both pathogenic attack, and wounding stress response in plants. Umemura et al. reported that OsSGT is a probenazole inducible gene, and they quantified the SA and SAG levels in an RNAi knockdown mutant of this gene. 23) The levels of both SA and SAG in RNAi plants were at the same levels as in the WT plants under normal growth conditions, but, after probenazole treatment the increase in SAG in RNAi plants was suppressed compared with that in WT plant. This strongly suggests that OsSGT acts as SA glucosyltransferase only under the biotrophic stress condition, and that there are other glucosyltransferases that produce SAG under healthy growth conditions. RNAi plants showed reduced resistance to blast fungus, indicating the importance of OsSGT in biotrophic stress tolerance. On the other hand, our results strongly suggest that NtSGT and its rice ortholog, OsSGT, are mechanical stress-inducible genes and act also as TA glucosyltransferase. 9) Our quantificational analysis of JA, TA, TAG, SA, and SAG after wounding stress showed that only the levels of JA-related compounds were increased. This result was highly correlated with mRNA expression analysis of NtSGT, and indicated that NtSGT acts as TA glucosyltransferase under wounding stress conditions. Although the K m and V max values of NtSGT toward TA was lower than those JA-lle (6) JA (1) SAG (5) SA (4) Fig. 4 . Endogenous Amounts of JA (1), TA (2), TAG (3), SA (4), SAG (5), and 7-iso-Jasmonoyl-L-isoleucine (6) after Mechanical Wounding Stress. The fourth and fifth leaves were caused to mechanical damage with sandpaper, harvested at the indicated times, and extracted with a solution of MeOH:H 2 O:AcOH ¼ 8:2:0.5 (20 mL). The fourth and fifth leaves of undamaged plants were used as control at 0 min. After internal standard was added to each, the extract was filtrated and passed through a C18 (1 mL) cartridge column to obtain a solution, which was concentrated and subjected to UPLC MS/MS system. Data are mean AE SD (n ¼ 3). Asterisks represent significant difference (n ¼ 3) between a given amount and the amount of control in a pair (Student's t test, Ã p < 0:05; ÃÃ p < 0:01; ÃÃÃ p < 0:001).
values toward SA, our quantificational data on SA and TA after wounding stress showed that, endogenous amount of TA is drastically higher than SA (about 200 times higher 2 h after wounding and 500 times after 6 h). 24) Our data that NtSGT is also active with TA, a metabolite of JA, explain this result, and the report of Wan et al. also supports our hypothesis as to the dual functionality of NtSGT and OsSGT as SA and TA glucosyltransferase.
It is well known that SA (4) is a signaling molecule for the biotrophic stress response while JA (1) is a signal for abiotic and biotic stresses and necrotrophic pathogen attack. As mentioned above, these signaling systems are thought to be put in motion independently, and some researchers have reported the existence of an antagonistic relationship between, JA (1) and, SA (4) signaling systems. 19, 20) It is noteworthy that one enzyme (NtSGT or OsSGT) metabolizes key compounds that work in independent signaling systems. Our results provide evidence towards a full understanding of the crosstalk between the JA and SA signaling pathway. Now we are constructing a mutant tobacco in which, NtSGT gene is silenced by the RNAi method. We have already found another UDPG independent glucosyltransferase is active for TA (unpublished data). Thus it might be difficult to reduce TAG production completely solely by knockdown of NtSGT gene. Analysis of this mutant plant should yield us information on the function of this gene in the production of SAG (5) and TAG (3), and also the involvement of this gene in stress tolerance pathway in biotrophic and mechanical wounding stresses. As mentioned above, TA (2) and TAG (3) are present in many vascular plants and might have important roles in the JA signaling pathway. A transgenic plant whose ability to synthesize TA (2) and TAG (3) is depressed should also yield us valuable information on the signaling pathways of the stress response in plants.
